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absorption edges are the same order of magni-
tude® as the exchange constant between the con-

duction electrons and the local magnetic moments.

In CdCr,Se,, the red shift is not observed in the
photoluminescence spectra because the exchange
constant is very small compared with the total
blue shift of the fundamental gap.

Evidence is presented from the photolumines-
cence spectra for the splitting of s-conduction
band in the ferromagnetic semiconductor
CdCr,Se,. The recent theory developed by Nolt-
ing and Olés was used to obtain the exchange en-
ergy constant of 2.3 meV between the s-conduc-
tion electrons and the Cr ions spins.
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Spin and Energy Analyzed Secondary Electron Emission from a Ferromagnet

J. Unguris, D. T. Pierce, A. Galejs, and R. J. Celotta
National Buveau of Standavds, Washington, D.C. 20234

(Received 23 April 1982)

Measurements are presented of the energy dependence of the spin polarization of low-
energy (0.5—25 eV) secondary electrons when a 500-eV primary beam is incident on an
iron-based ferromagnetic glass. The polarization of the lowest-energy electrons is
found to correspond to the net valence-band spin density. Possible causes for the ob-
served decrease in polarization with increasing secondary energy are discussed. The
results demonstrate a mechanism for measuring surface magnetic structure with the
very high spatial resolution of scanning electron microscopy.

PACS numbers: 79.20.Hx, 75.30.+m, 75.50.Kj

We have measured the polarization of secondary
electrons emitted from a ferromagnetic Fe glass
target as a function of the emitted electron en-
ergy. The aim of these first measurements of
spin- and energy-analyzed secondary emission
from a ferromagnet was to test the hypothesis
that the spin polarization of the secondary cas-
cade is closely related to the net spin density

near the surface of the material. The results
have significant implications for the study of
microscopic magnetic structures including spin
distributions within a domain or domain wall
through the use of polarization analysis of secon-
dary electrons in scanning electron microscopy.
When energetic primary electrons are incident
on a solid, they lose energy and cause valence
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electrons to be excited to unfilled conduction
states by (1) direct excitation of a valence elec-
tron through the screened Coulomb interaction,
(2) by Auger processes, and (3) by plasmon exci-
tation. These excited electrons can excite still
other valence electrons in a cascade process
leading to the familiar low-energy peak in the en-
ergy distribution of secondary electrons. To the
extent that the cascade electrons represent a uni-
form excitation of electrons from the valence
band, the measurement of the spin polarization
of these electrons should reflect the average
valence-electron spin density within the solid,
defined as

P*=ng/n=(nf—n;)/(n9+n;). (1)

Here ng=n4 —n, is the difference in the number
of majority (spin antiparallel to the magnetiza-
tion) and minority spins per atom of alloy (i.e.,
the Bohr magneton number), n=ny+n, is the
total number of valence electrons per atom of
alloy, and P* is the predicted polarization.

Two studies of the polarization of secondary
electrons produced by high-energy electron
beams have been reported.”? One of these was
from a ferromagnet where a polarization was
observed but further analysis was not possible
because of the poor energy resolution (500 eV)
and the uncertain composition of the europium
oxide film used.!

Our ferromagnetic sample was the Fe-based
glass Feg, ;B,, ;Si, which has a room-tempera-
ture saturation magnetization® of 176 emu/g;
this corresponds to an iron magnetic moment
of 1.86 1z per Fe atom or 1.52 up per atom of
alloy. Using »="17.1 for the average number of
valence electrons per atom of alloy, we can pre-
dict from Eq. (1) a valence electron polarization
P* of 21.4%,

Our measurements were carried out in an ultra-
high-vacuum, magnetically shielded, surface
analysis chamber.* The new features for this
experiment were an electron gun to provide the
unpolarized primary beam, an electron-energy
analyzer, and a spin-polarization analyzer. A
500-eV electron beam of typically 5-7 uA was
constrained by the chamber geometry to be inci-
dent at 22°+ 2° relative to the sample surface
normal. An applied field of 50 mOe generated
by a coil, illustrated schematically in Fig. 1,
was sufficient to reach saturation. The stray
field at the sample surface was 0.22 Oe and fell
off as e™*/ with distance z along the surface
normal, with d=11.5 mm, The sample surface
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FIG. 1. Schematic of the spin- and energy-resolved
secondary-electron emission experiment. The primary
electron beam incident on the ferromagnetic sample
generates secondary electrons which pass through the
differential energy analyzer to the spin analyzer.

was prepared to give optimum hysteresis curves
as measured by spin-polarized electron scatter-
ing.® The preparation consisted of 500-eV Ar

ion bombardment followed by annealing at 120°C
for ~1 min, The Auger spectrum indicated a
surface with an Fe-to-metalloid ratio 2 to 3 times
higher than in the bulk and residual C contamina-
tion of 20%-30% of a monolayer which could not
be removed.

The energy analyzer used was a 135° hemispher-
ical energy analyzer and lens system® operated
at a resolution of 1 eV. The angular resolution
of the analyzer was +4.5° and the entrance axis
of the analyzer was oriented at 33°+2° from the
sample surface normal in the same plane as the
incident beam,

The spin analyzer” follows the energy analyzer
in the position usually occupied by an electron
multiplier. It consists of an evaporated Au film
on a Mo support with its normal at an angle of
25° to the electron beam from the energy analyzer
as shown in Fig. 1. The absorbed current, A,
induced in the Au film by the electrons impinging
on it depends on the polarization of those elec-
trons, an effect which is enhanced when the en-
ergy of the electrons (determined by V in Fig. 1)
is near the secondary-yield crossover energy as
has been described in detail previously.”® The
spin analyzer measures the spin polarization
along a quantization axis given by the normal to
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the scattering plane formed by the beam incident
on the Au film and the normal to the film. Since
this quantization axis is at an angle of 33° to the
magnetization of the sample the measurements
are corrected for the fact that only a component
of the secondary-electron polarization is meas-
ured. The entrance axis of the energy analyzer
is in line with the electron beam from the GaAs
spin-polarized electron source.® By moving the
metallic glass sample and holder to one side, it
is possible to calibrate the absorbed-current
spin detector directly with an electron beam of
known polarization. -

The results of these measurements are shown
in Fig. 2. The lower part of the figure shows a
curve of the number N(E) of secondary electrons
as a function of kinetic energy. The transmission
function of the analyzer system was not studied
so this curve is intended to be primarily illus-
trative; currents of 1-2 nA were observed at
the peak of the energy distribution. The esti-
mated uncertainty in the electron kinetic energy
scale is 1 eV,
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FIG. 2. Bottom: The energy distribution curve of
secondary-electron emission. Top: The spin polari-
zation of the secondary electrons as a function of kinet-
ic energy. The experimental uncertainity is discussed
in text.
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Measurements were made at each secondary-
electron energy by reversing the applied mag-
netic field to run the sample magnetization
through a hysteresis cycle. This resulted in a
hysteresis curve in the polarization of the sec-
ondaries. A smoothly varying background signal
was also present. This spurious signal was
caused by the effect of the stray magnetic field
on the electron trajectories which generated a
variation in the angle at which the electrons
impinged on the Au film leading to a variation
of the secondary-yield crossover energy and
hence of the absorbed current.” This stray-field
behavior was simulated by a computer model in
which electrons were followed from the sample
to the Au film. A further test was made by ex-
posing the sample to 600 L (1 L=10"° Torr s) O,
This removed the sharp hysteresis curve due to
the secondary polarization. The remaining stray-
field-induced signal agreed with the computer
simulation. Fortunately, there was no problem
in separating the sharp secondary-electron hys-
teresis curves from the smooth background.

The upper part of Fig. 2 shows the spin polari-
zation of the secondary electrons N(E) at each
energy. The polarization of the secondaries P
is defined as

P=[NyE)=NE)]/[Ny(E) +N {(E)], (2)

where N (E) [or N (E)] is the number of secon-
dary electrons with spin oriented parallel [ or
antiparallel| to the net spin density of the ferro-
magnetic target. Note that factors such as the
energy-analyzer transmission cancel out in Eq.
(2). The error bars shown represent our esti-
mate of the uncertainty based on the typical noise
in a given measurement and the repeatability of
the measurements. Additionally, there may be
an overall systematic error of a few percent re-
sulting from the detector calibration.

Within the experimental uncertainties discussed
above, the low-energy value of the measured
polarization P equals P*, the net valence-elec-
tron spin density estimated in Eq. (1). The value
of P which is in the range 20%-25% at low en-
ergies decreases above 3 eV and levels out to
a value of approximately 10Y% above 10 eV. This
energy dependence of the secondary-electron
spin polarization is not yet understood but we
can rule out several mechanisms. Depolariza-
tion of the electrons in the emission process is
unlikely and has been previously observed in
emission experiments in just two cases,®!!
neither of which is applicable here. The energy
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variation of the net spin density through the
valence band might be looked to as a source of
energy dependence of the secondary polarization.
However, Willis, Fitton, and Painter'? have
calculated the secondary-electron emission in
the “random-£” or density-of -states approxi-
mation applicable to our ferromagnetic glass.
The valence density of states enters the expres-
sion for the secondary current in a convolution
of one-electron densities of states that would
smear out any energy dependence of the net spin
density. Recent energy- and angle-resolved
measurements of secondary-electron emission
from single crystals’®*''* have disclosed structure
on the cascade background which can be related
to the electronic band structure of unfilled states
above the vacuum level. Our amorphous sample
exhibits no angle-dependent structure due to these
states, but a spin dependence in the final density
of states could be responsible for the observed
energy dependence. Cluster calculations!s ®
show, however, that a good approximation to the
glass density of states can, for this Fe-based
glass, be obtained from Fe band-structure cal-
culations,'” where no spin dependence of these
states is found.

The most likely cause of the energy dependence
of the spin polarization of the secondaries, in our
view, is the energy dependence of the secondary-
electron escape depth, which is a few inelastic
mean free path lengths.’”® This can cause a po-
larization energy dependence if the spin density
at the surface is different from that in the inter-
ior of the sample. Secondary electrons with 0
to 1 eV of kinetic energy have mean free paths
3-5 times as long'® as electrons with 5 to 10 eV
of kinetic energy. Thus the higher-energy sec-
ondaries are much more sensitive either to an
intrinsic decrease in the magnetization at the
surface or to contamination at the surface which
decreases the magnetization or acts as a source
of unpolarized secondaries. Further studies will
be required to determine if the mean-free-path
mechanism is entirely responsible for the energy
dependence observed here.

If the polarization of the secondaries is meas-
ured in a scanning electron microscope, then
the magnitude and direction of the spin density
at the specimen surface can be obtained with very
high spatial resolution. Such an instrument®
would have many technical applications. Unlike
magnetic image-contrast techniques relying on
the Lorentz force due to either fringing fields
at domain walls or internal sample fields, this

spin-dependent “contrast” can be obtained in
addition to but independently from the usual topo-
logical image contrast provided by the secondary
electrons.

In conclusion, we have presented the first spin-
and energy-resolved measurements of secondary-
electron emission from a ferromagnet. We have
shown that the spin polarization of the lowest-
energy cascade electrons can be understood in
terms of the average net spin density of the va-
lence electrons. Further refinements of the
methods reported here will allow measurements,
analogous to those of Willis and Christensen®®
for W, emphasizing additional structure on the
cascade related to the single-particle density of
unfilled states, which for a ferromagnetic crys-
tal like Gd would have a rich spin dependence.
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Vibrational and Rotational Energy Distribution of NO Scattered from the Pt(111)
Crystal Surface: Detection by Two-Photon Ionization
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The vibrational and rotational state distributions of a supersonic nitric oxide beam,
scattered from a Pt(111) single crystal surface, were investigated. A two-photon ioniza-
tion technique was applied to monitor the internal energy content of the scattered mole-
cules. Vibrational distributions were found to be colder than that corresponding to the
crystal temperature between 450—1100 K. Rotational temperatures were also found to be
colder than expected for thermal equilibrium with the platinum surface.

PACS numbers: 79.20.Rf, 33.80.Kn

The dynamics of gas-molecule-surface inter-
actions has received increasing experimental and
theoretical attention in recent years. Laser-in-
duced fluorescence or bolometer detection tech-
niques were used to investigate the excitation of
rotational states in NO molecules scattered from
metal surfaces,'”* and of CO and HF molecules
scattered from the LiF surface.®® Atomic re-
combination of nitrogen on an iron foil produces
vibrationally hot N, molecules, as determined by
high-energy electron beam excitation.” Theoret-
ical studies have attempted to predict the rota-
tional excitation of diatomic molecules upon scat-
tering from smooth solid surfaces.® 1°

We report the direct observation of vibrational-
ly excited NO molecules scattered from a clean
Pt(111) crystal surface using a two-photon ioniza-
tion (TPI) technique. The vibrational and rota-
tional energy distributions were determined as a
function of crystal temperature and angle of scat-
tering. We found that the population of excited
vibrational (v”=1) and rotational states is less
than the population when thermal equilibrium be-

tween the crystal and the desorbed NO is assumed.

The molecular-beam-surface scattering appa-
ratus was described elsewhere'!; the modified
version used in this laser ionization study will be
described in detail in a future publication.’®* The
scheme of the scattering and ionization detection
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is shown in Fig. 1. Briefly, a supersonic molec-
ular beam from a differentially pumped source
impinges upon a single-crystal sample, located
in the ultrahigh vacuum scattering chamber. The
beam characteristics are 100 meV incident kinet-
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FIG. 1. Schematic of the molecular-beam—surface
scattering experiment with laser-induced two-photon
ionization as a probe for internal-state energy distri-
butions.



